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ABSTRACT

Most air quality studies have focused on sites located in either rural or urban areas.
However, many regions are affected by air from both, such as the city of El Paso. Adjacent
to the neighboring city of Juarez, Mexico, and in close proximity to rural areas, El Paso is
affected by desert particles, as well as biogenic and anthropogenic emissions.
Determination of aerosol optical properties is vital for a better understanding of the
aerosols present in an urban‐rural interface region, e.g. the El Paso‐Juarez Airshed
[Pearson, et. al., 2007]. Using wavelengths in the ultraviolet range, and studying the
sensitivity of different optical parameters, we present irradiance results obtained using the
TUV model [Madronich et al., 1998], and compare them against experimental irradiance
results obtained using a UV Multi‐Filter Rotating Shadow‐Band
Radiometer (MFRSR), operating in the city of El Paso. Retrievals for Aerosol Single
Scattering Albedo (ωaer) using Direct to Diffuse Irradiance Ratios are also performed in this
work. Our MFRSR instrument has been linked to a Monitoring UV‐B Research Program, the
Colorado State University network of MFRSR instruments installed at different cities
throughout the country. The objective of this and future work is to use the TUV Model for
the El Paso‐Juarez Airshed as a diagnostic model to interpret the data obtained from the
UV‐MFRSR instrument located in the same region. This work will lead to better
characterization of aerosols and their impact in a rural‐urban interface region. In addition,
it can provide a more accurate assessment of regional aerosol transport and better
boundary conditions for air quality models.
vi
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1. INTRODUCTION
When solar radiation impinges on atmospheric particles, it may be scattered in any
direction or it may be absorbed, producing thermal energy. Ultraviolet (UV) radiation is
part of the electromagnetic radiation that is emitted by the sun. Because of its relevant
energy (3.10 ‐ 124 eV), it has a great impact when it reaches the Earth, affecting animals
and plants and potentially producing cataracts and skin cancer in humans [Madronich et
al., 1998]. In order to attenuate UV intensity, ozone plays an important role in the
stratosphere (situated between about 8 km ‐ 50 km altitude above the earth's surface)
where it absorbs most of the UV radiation shorter than 320 nm [Seinfel and Pandis, 1998].
However, despite of its benefits it becomes a pollutant when found in the troposphere (0
km ‐ 20 km) [McKee D., 1993].
Clouds and aerosols also reduce UV radiation. But it is the contribution of the last one that
this work is devoted. Aerosols are produced in the atmosphere by both natural and
artificial processes. It is known that during the last decades high concentrations of aerosols
were produced in urban areas [Seinfel and Pandis, 1998].
In this work, we study aerosols in situ, using optical methods. To achieve our goal the
sensitivity to different physical variables that affect solar UV radiation such as aerosol
optical depth τaer, aerosol single scattering albedo ωaer and the asymmetry parameter g
[Corr, Chelsea, 2008] was determined. This work was carried out mostly under cloud‐free
clear skies, by intercomparing spectral measurements of global, direct, and diffuse
irradiance with the model's calculations.
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While studying the concentration of aerosols and weather conditions in the troposphere,
we classified the environmental conditions into three categories; clean, dirty, and windy
days. Using this approach the aerosol particles present in the El Paso‐Juarez Airshed are
characterized using the direct‐to‐diffuse irradiance ratio (DDR), the single scattering
albedo ωaer, and the asymmetry parameter g. This research work involved implementing
the TUV model for this region, validating it against MFRSR data, and then performing
sensitivity studies to determine the most relevant optical parameters present in our
calculations. Subsequently, these optical parameters were used to assess the capability to
characterize the aerosols in our Airshed according to the three categories that were
selected.

1.1 Radiation in the Atmosphere
The sun behaves as a nearly perfect blackbody, with an emission spectrum outside of
Earth's atmosphere close to that of a blackbody at about 6000 K [Finlayson‐ Pitts and Pitts,
2000]. The solar radiation that arrives at the earth's surface is called Direct Solar Radiation.
Some of this radiation is scattered or absorbed by particles in the atmosphere. The
scattered radiation is called Diffuse Solar Radiation. The contributions of both quantities
(direct and diffuse) constitute the Global Solar Radiation. It has been determined that
aerosols are very important in the attenuation of UV radiation in the photosphere.

1.2 The radiative transfer equation
The radiative transfer equation in its time independent form is written as:

2

r ˆ
∂Iν (r , Ω
)
r ˆ
r ˆ
= jν (r , Ω
) ρ − kν ρ I (r , Ω
)
∂s

(1.1)

where Iν is the specific intensity or simply intensity, that passes through an element

r
of length ds and cross section dσ in time dt, r is the position vector, Ω̂ the direction of the
emergent ray, jν is the emission coefficient, kν is the absorption coefficient, and ρ is the
density of the medium. The absorption coefficient kν, consists of contributions from pure or
true absorption and scattering processes; it s called the extinction coefficient as well
[Peraiah, A., (2002)]. If we work with plane parallel layer geometry (see figure 1.1) we
consider the angle made by the ray with the normal (z‐axis) to the layers as θ (μ = cosθ),
and equation 1.1 can be written as:

μ

∂Iν
= jν − kν Iν
ρ ∂z

(1.2)

which is the usual equation of radiative transfer in plane parallel atmospheres.

1.2.1 Source function in the transfer equation
The source function is defined as the ratio of the total emission to the total absorption

S=

jν
kν

We use this function to write the radiative transfer equation for plane atmospheres as:

μ

∂Iν
= Iν − Sν
∂τ

(1.3)
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1.2.2 Aerosol Optical Depth
The optical depth is a measure of the extinction of solar radiation by aerosol scattering and
absorption between the point of observation and the top of the atmosphere. This is an
important quantity that is used in transfer theory. It is defined as:
z2

τ ( z ,ν ) = − ∫ kν ( z ′,ν ) ρ dz
z1

(1.4)

The negative sign is used because we shall adopt the convention that z and τ run in
opposite directions. τν(z) gives the integrated absorption of radiation along the z‐direction
in the segment (z2 - z1). In terms of kν‐1 (photon mean free path length); τν gives the number
of photon mean free path lengths.

1.2.3 Single Scattering Albedo
In order to characterize the relative contributions of particle scattering and particle
absorption to the total extinction by particles (scattering plus absorption) the single
scattering albedo is used. The aerosol single scattering albedo (ωaer) is a measure of
particle scattering relative to the total extinction by particles (absorption plus scattering)
and is mathematically defined as follows:

ω aer =

βs
βs
=
βe βs + βa

4

(1.5)

where βs is the aerosol scattering coefficient and βa is the aerosol absorption
coefficient. Both of them have a physical dimension of inverse length, resulting in ωaer being
dimensionless. Values of ωaer range from zero in a purely absorbing medium to one in a
purely scattering medium [Petty, G. W., 2004].

1.2.4 The Angstrom Exponent
The atmosphere is constituted by aerosol and gases. Attenuation of radiation by these
constituents is due to scattering and absorption. Aerosol optical depth τaer is obtained
when the total optical depth τtotal is separated into the various extinction components
Rayleigh scattering, ozone absorption, water vapor absorption and aerosol extinction, as
follows:

τ total = τ rayleigh + τ ozone + τ H O + τ aerosol
2

(1.6)

Equation 1.4 gives us the definition of τaer as the integration of the aerosol extinction
coefficient kν over a layer height. For both monochromatic radiation that is attenuated in
the atmosphere and for solar radiation that is not in a molecular water or oxygen band, the
Beer‐Lambert law establishes the following relation

I = I 0 e − τ total

m

(1.7)

where I is the observed irradiance at the point of measurement, I0 is the
extraterrestrial irradiance that would be measured at the top of the atmosphere, τtotal is the
total optical depth at the wavelength of interest, and m is the air mass factor. For
monochromatic total optical depth and for solar radiation that is not in a molecular water
or oxygen band the Beer‐Lambert therefore establishes the following relation
5

ln I = ln I 0 - τ total m

(1.8)

where, again, I is the observed irradiance at the point of measurement at a single
wavelength, I0 is the irradiance at that same wavelength that would be measured at the top
of the atmosphere, τtotal is the total optical depth at the wavelength of interest in the zenith
direction, and m is the air mass factor in the zenith direction.
This method of calculating the air mass of a column and the total optical depth of this
column is called Langley Analysis [Slusser et al., 2000]. This analysis must be run on clear,
sunny common days, the morning being the appropriate time. The dependence of τaer on
wavelength and optical depth is described by the Angstrom exponent, α, such that

τ
λ
=
τ0
λ0

(1.9)

where τ is the optical depth at wavelength λ, and τ0 is the optical depth at the
reference wavelength λ0. If we have two measurements of optical depths τ1, and τ2, taken at
two different wavelengths λ1, and λ2, respectively, the Angstrom exponent is calculated as
the slope of a simple linear fit through a plot of natural log of wavelength λ, versus the
natural log of τ as is described by the following rearranged equation

τ2
τ1
α = −
λ
ln 2
τ1
ln

(1.10)

which is not necessarily linear [King and Byrne, 1976]. The Angstrom exponent is
related to the average size of the aerosol: the smaller the particles, the larger the exponent.
For aerosols, the Angstrom exponent typically ranges between 0 and 4.
6

1.2.5 Asymmetry Parameter
In order to study the angular distribution of the scattered radiation the phase function is
used. The phase function or the scattering phase function is defined as the scattered
intensity at a certain angle Θ [Seinfel and Pandis, 1998] as:

P (Θ ) = −

Ψ (Θ )

∫

π

Ψ ( Θ ) sin Θ d Θ

0

(1.11)

where Θ is the scattering angle and Ψ(Θ) is intensity. The Asymmetry Parameter g is
defined as the intensity weighted average of the cosine of the scattering angle [Seinfel and
Pandis, 1998].

1
g =
2

π

∫

0

cos Θ Ψ ( Θ ) sin Θ d Θ

∫

π

0

=

1
2

Ψ ( Θ ) sin Θ d Θ
(1.12)

∫

π

0

cos Θ P ( Θ ) sin Θ d Θ

The factor 1/2 ensures values of g=1 for light forward scattered completely at Θ = 0o, and
for g = ‐1 for light backward scattered completely Θ = 180o. A value of g = 0 indicates that
the radiation is scattered isotropically.
Values of g give an insight into the size of the particles involved because larger
particles (Dp ≥ 1μm) are more efficient forward scatterers than smaller particles.
In this sense a large value of g indicates the presence of larger particles and a small value
indicates the smaller particles. This parameter can be used to detect anthropogenic
emissions (or human emissions), taking into account that particles like sulfate are good
scatterers and particles like soot are good absorbers. We found values of g in the range of
7

0.6 to 0.8 for this particular work for 332nm and 368 nm, which are in agreement with
previous studies [Wenny et al., 1998; and Madronich, 1993]. It is also observed that values
of g for atmospheric aerosols do not have a dependence on wavelength [Madronich et al.,
1998].

1.2.6 Formal solution of the transfer equation for plane parallel atmospheres
As we can see from figure 1.1, our atmosphere is considered as a finite medium of finite
optical depth with open boundaries on both sides.

Figure 1.1: Plane Parallel Atmosphere ‐ Boundary condition in plane parallel symmetry
(Figure courtesy of Annamaneni Peraiah).

Taking into account equation 1.2, for the time independent equation with z as the linear
distance to the plane of stratification for plane‐parallel atmospheres, the solution in the
8

case of a finite atmosphere bounded on two sides at τ = 0 and at τ = τ1 with a finite optical
thickness is:

I (τ , + μ , φ ) = I (τ 1 , + μ , φ ) e − ( τ 1 − τ )
+

τ

∫τ

μ

S (t , μ , φ ) e − (t −τ 1 )

μ

dt

μ

1

(1 ≥ μ

> 0 ),

(1.13)

(1 ≥ μ

> 0 ),

(1.14)

and

I (τ , − μ , φ ) = I ( 0 , − μ , φ ) e − τ
+

∫

τ

0

μ

S ( t , − μ , φ ) e − (τ − t )

μ

dt

μ

These equations give us the outward and the inward intensities at each level.
In particular for the emergent intensities we have

I ( 0 , + μ , φ ) = I (τ 1 , − μ , φ ) e − τ 1
+

∫τ

0

μ

S (t , μ ,φ ) e − t

μ

dt

μ

1

,

(1.15)

,

(1.16)

and

I (τ 1 , − μ , φ ) = I ( 0 , − μ , φ ) e − τ 1
+

∫

τ1

0

μ

S ( t , − μ , φ ) e − (τ 1 − t )

μ

dt

μ

In this work we consider equation 1.3 as a plane parallel geometry equation, solutions 1.13
and 1.14, and a radiative transfer model called TUV (Tropospheric Ultra Violet Model) to
solve it numerically.
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2. METHODOLOGY
The importance of UV radiation through the atmosphere has been recognized in several
studies [Kazantzidis et al., 2003, and Slusser et al., 2002]. These works were devoted to an
investigation of the UV effects with respect to wavelengths, solar zenith angle SZA, Aerosol
Optical Depth τaer, Single Scattering Albedo ωaer, and asymmetry parameter g. The concerns
of increases in surface UV radiation with a thinning stratospheric ozone layer has
motivated researchers to extend the study of these aerosol optical properties to shorter
wavelengths and to estimating the effects of aerosols on UV radiation [Blumthaler and
Ambach, 1990, and McKenzie et al., 1999].
The relevance of aerosols as UV attenuators has also been demonstrated in other
works [Dickerson et al., 1997, He and Carmichael, 1999, Liao et al., 1999, and Reuder and
Schwander, 1999]. In addition, to determine aerosol properties, many research studies
have provided a number of methods, for instance Shaw et al., [1973], presented the Langley
regression technique for retrieval of τaer from a multi‐wavelength direct‐sun pointing
radiometer, while irradiance ratios have been used in several studies to determine ωaer in
the UV‐range [Kylling, A., 1998, Krotkov et al., 2003, Petters et al., 2003, and Wetzel et al.,
2003]. Furthermore, the scattering and absorption properties of aerosols have been
extensively studied in the visible range to estimate the contributions of aerosols to Earth's
energy budget [Ghan et al., 2001].
In many aerosols studies, mathematical models were of vital importance. In this
work we selected a tropospheric ultraviolet model TUV4.4, as the radiative transfer model
to be used for the calculation of irradiances in El Paso‐Juarez Airshed for two wavelengths,
332 nm and 368 nm. The TUV model was developed by Madronich S., [1997]. We first
10

implemented this model for the El Paso‐Juarez Airshed and validated it against the
irradiance data from our UV‐MFRSR instrument using: Total Horizontal Irradiance, Diffuse
Irradiance, and Direct Normal Irradiance. In our calculations, we used Langley derived
instantaneous optical depths from MFRSR data. To determine the aerosol concentration,
the diffuse irradiance was examined; in addition, a value of τaer = 0.05, was originally
selected for a relatively clean atmosphere and a value of τaer = 1.00, for a relatively turbid
atmosphere. Accordingly, we named the days as clean, dirty and windy days.
The windy day was used to analyze the impact of the wind on the variation of the aerosol
concentration. To achieve this, a laser particle counter, the CLiMET instrument was used to
study particle concentrations at ground level.
Values of total ozone column (TOC), were obtained from available web data and
were used for DDR and ωaer, and for DDR and g retrievals. Sensitivity studies assumed a
constant valued of 300 Dobson Units (DU) for TOC. For the surface albedo we set in the
TUV calculations, a loop over the range of ten values ranging from 0 to 1, finding a value of
0.01 for our region.
Retrieval of single scattering albedo ωaer and the asymmetry parameter g using the
DDR method consists of changing the values of ωaer and g in the TUV code to obtain outputs
of direct‐to‐diffuse irradiance ratios and comparing them against values obtained from the
UV‐MFRSR instrument using error Percent Relative Error (δ), as is shown in the following
equation

δ =

DDR

UV − MFRSR

DDR
11

− DDR

UV − MFRSR

TUV

× 100

(2.1)

An error of less than 1% was the indication of taking the correct value of ωaer and g.
In figure 2.1 we can see details of the procedure in a simple flow diagram.
Results were plotted to find approximate values of ωaer, as we can see from figure 3.5 and
figure 3.7, and then we adjusted the corresponding value for each particular day in both
wavelengths studied, 332 nm and 368nm.
DDR irradiance is sensitive to ωaer in a wide range of τaer. However for a clean atmosphere
(τaer < 0.2), the variation of DDR is very small (unnoticeable) in comparison to cases with
high aerosol concentrations (τaer > 0.4) [Bais et al., 2005].

Figure 2.1: Flow chart ‐ The figure shows the procedure for retrieving single scattering
albedo using irradiance values from UV‐MFRSR.
12

2.1 Instrumentation
The United States Department of Agriculture (USDA) established, in 1992, the UV‐B
Monitoring and Research Program (UVMRP) as a data collection and research program to
provide a better understanding of surface UV radiation within the United States. At the
beginning of its operation the UVMRP primary objective was to study fluctuations of UV
solar radiance and its effects on agriculture and animals, but it also strives to facilitate the
use of these measurements directly or as input to climate and crop models. The UVMRP
program measures UV and other relevant parameters at 37 climatological sites, 34 of which
are located in the United States, 2 in Canada, and 1 in New Zealand. The University of Texas
at El Paso, Texas, was integrated as one of the monitoring sites once it installed its first
MFRSR instrument (Vis‐MFRSR), on January 6, 2006, and started to collect data since then.
The UV‐MFRSR was acquired later and started to operate on November 12, 2008.

2.1.1 The MultiFilter Rotating Shadowband Radiometer
The UV‐MFRSR is a cost‐efficient field instrument that measures the global, direct and
diffuse components of solar irradiance as 3‐minute averages at up to 7 UV wavelengths:
300‐ 305‐, 311‐, 317‐, 325‐, 332‐, and 368‐nm with a full‐width at half maximum of about
2.0 nm (see table 2.1).
Each of the Vis‐MFRSR and UV‐MFRSR instruments in general consist of a broadband
channel together with a rotating shadowband [Yankee Environmental Systems, 2000]. This
instrument offers an automated solution for a variety of solar resource monitoring
applications, such as determining the optical placement of solar panels. The UV‐MFRSR
provides optical depth and column ozone information in the UV‐A and UV‐B regions;
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however it does not provide water vapor information since it does not contain a 940 nm
detector (see reference manual [Yankee Environmental Systems, 2000]). The first
Ultraviolet Multifilter Rotating Shadowband Radiometer (UV‐MFRSR), was developed in
the early 1990's in the Atmospheric Sciences Research Center (ASRC) at the State
University of New York at Albany (SUNY‐Albany) in conjunction with the licensed
manufacturer, Yankee Environmental Systems (YES) of Turners Falls, MA.

Table 2.1: Ultraviolet Multifilter Radiometer ‐ This instrument is available in a four or
seven channel configuration
Channel
1
2
3
4
5
6
7

UV‐MFRSR Wavelength (2 nm effective bandwidth)
300
305
311
317
325
332
368

After being deployed successfully in 1995 at Colorado State University's (CSU), a UV‐
MFRSR was acquired and installed on the roof of the Undergraduate Learning Center
(UGLC) of the University of Texas at El Paso (UTEP) on August 24, 2008 along with the
Vis‐MFRSR formerly purchased in 2006 (see figure 2.2).
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Figure 2.2: VisMFRSR and UVMFRSR ‐ The figure shows both instruments (a) Side view
and (b) Close up view of UV‐MFRSR on the roof of the Undergraduate Learning Center
Building of the University of Texas at El Paso.

2.1.2 CLiMET CI150
The CLiMET CI‐150t (Climet instrument 150t) is a laser diode based aerosol particle
counter that monitors particles in six ranges: 0.3, 0.5, 1, 3, 5, and 10 μm. It is fully self‐
contained, operating on battery power or AC power for sampling convenience [Aldaco, D.,
and J. C. Roque,(2002)]. It works by taking samples at flow rates of air at one cubic foot per
minute (1 CFM). The sample air is filtered before being exhausted through the rear panel.
Counts of the types of particles are displayed and printed in a variety of formats. They can
be stored on an 3.5" floppy disk or in the computer through a RS‐232 serial port. Data are
displayed as a comma delimited ASCII _le which contains the total count, differential count,
concentration per cubic foot, and concentration per cubic meter.
The instrument uses a highly efficient optical system and detection electronics based on a
light scattering principle. The light from a 50 mW laser diode is scattered by the particles
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and then collected by an elliptical mirror and focused onto a solid state photo detector,
which converts the light energy into electrical current. This technology allows us the
instrument to correctly size and count 0.30 μm particles following the NIST traceable
standards. Figure 2.3 displays a picture of the instrument.

Figure 2.3: Climet CI150t ‐ Laser Particle Counter

2.2 The Tropospheric Radiative Transfer Model
Computer models are of great importance because they can be used to understand the
phenomena involved. The TUV code version 4.4 is a one‐dimensional radiative transfer
code that uses either or both of Eddington's approximations and the discrete ordinate
method to describe the radiative transfer through the atmosphere.
The code gives outputs of various spectral irradiances in the UV and visible spectra by
using input data, such as geographic coordinates and atmospheric parameters in standard
format. The Tropospheric Radiative Transfer Model, TUV, has been used to solve the
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Radiative Transfer Equation in idealized situations. Numerical solutions are provided with
methods called exact methods (e. g. discrete ordinates, adding doubling) and these provide
an accurate solution if the phase function is known and the geometry of the problem is
reasonably simple. Those methods were used to construct the TUV code [Madronich, S.,
1997].

2.3 Site Selection
The MFRSR instruments require visibility clearance, therefore the roof of Undergraduate
Learning Center (UGLC) at The University of Texas at El Paso was chosen. This location
provides a clear sky‐view that permits the acquisition of high quality solar data throughout
the day making it the best suitable place for the both instruments (Vis‐MFRSR and UV‐
MFRSR) as shown in figure 2.2. The instruments were installed following the proper
criteria such as free object view within 10o of the horizontal horizon as well as a permanent
dial up phone connection which ensures proper data acquisition.

2.3.1 Cloud free criteria
Clouds are present generally in a variety of shapes and exhibit a large variability. They
present unphysically high values of τaer (values of 14 and 53 were reported by Lubin and
Frederick [1991]) that affect the reliability of the retrieved aerosol optical properties. In
the presence of a homogeneous layer of clouds, the direct component of total irradiance is
attenuated by both scattering and by the strong absorption of water bands in the infrared
range. By removing days with clouds, selecting clear sky days, we ensure the validation of
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our data, and this is evident from the characteristic smooth, bell shaped curve, that our
graphs exhibit (See figures 2.4, and 2.8).

2.3.2 Aerosol optical depth data
After the cloud free days were selected, we used instantaneous optical depth for each day
in intervals of 3 minutes during a diurnal day (from 7:00 hours to 18:00 hours). It was
found that the usage of the instantaneous optical depths rather than the average values was
essential to obtain accurate results. These values were acquired from UVMRP. Finally,
Angstrom's formula was used to interpolate and extrapolate values at 332 nm and 368 nm
from Elterman [1968] profile for aerosol vertical distribution.

2.3.3 Solar Zenith Angle Criteria
The UV‐MFRSR produces more accurate values of irradiances and τaer at small SZA due to
increases in cosine correction errors with increases in SZA. At small SZAs (and low τaer) the
diffuse radiation is small. At larger SZAs the behavior of global irradiance is comparable to
that of the diffuse and when the SZA is larger than 70o, there is an increase in cosine
correction errors [Krotkov et al., 2005a].
Taking this into this we make our retrievals of ωaer at SZAs less than 70o.

2.4 Input values for the TUV
The TUV model was used to solve the radiative transfer equation using a 4‐stream discrete
ordinate method according to the DISORT's routine in the TUV code [Stamnes et al., 1988]
and assuming only a downward beam. The atmosphere was divided into 80 adjacent and
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homogeneous layers. The more relevant inputs were: time and location of the
measurement, total Column O3, instantaneous values of τaer at 332 nm and 368 nm,
angstrom exponent α, vertical profiles of O3, temperature, sea level pressure,
extraterrestrial solar flux, surface albedo, single scattering albedo ωaer, and geographical
inputs (table 2.2)corresponding to the city of El Paso, Texas.

Table 2.2: Geographic Input Values ‐ Geographic input values used for the
city of El Paso, TX
TUV Geographic Parameters
Latitude
Longitude
Altitude
Local time zone

Input values
31.86
‐106.44
1.202 km
(GMT ‐7)

Table 2.3: Input Values for validation and sensitivity – Default input values used in
sensitivity studies for two wavelengths, 332 nm and 368 nm, with TUV4.4. Negative values
assume default inputs from US Standard Atmosphere, 1976 (USSA76).
TUV Parameters
Surface albedo
Column Ozone
Aerosol Optical Depth
Aerosol single scattering
albedo
Asymmetry Parameter
Angstrom exponent
Air Density (molec. cm‐3)
Surface Pressure
Temperature Profile
SO2
NO2

Input values
0.01
300 DU
0.24
0.70
0.70
1.00
‐999.00
‐999.00
‐999.00
0.00
0.00
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2.5 Validation of TUV irradiance
The TUV model was validated using a clean day, i.e., January 28, 2009. Correlation for this
clear day is excellent for total horizontal irradiance, diffuse horizontal irradiance, and for
direct normal irradiance (0.99 at 332 nm and 0.98 at 368 nm, on average). Figures 2.4, 2.5,
2.6, and 2.7, show the comparison between the Model and MFRSR irradiance values at 332
nm. Similarly, the same way figures 2.8, 2.9, 2.10, and 2.11 show the same procedure and
methodology used for 368 nm. Correlations and plots were made using MATLAB®
software.

Figure 2.4: Validation of the model at 332 nm ‐ The figure shows validation of the
TUV4.4 model for Direct Normal, Diffuse Horizontal and Total Horizontal irradiances for a
Clean Day, 332 nm.
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Figure 2.5: Line 45 for Direct Normal Irradiance comparison ‐ Direct Normal
comparison between the model and MFRSR instrument at 332 nm.

Figure 2.6: Line 45 for Diffuse Horizontal Irradiance comparison ‐ Diffuse Horizontal
comparison between the model and MFRSR instrument at 332 nm.
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Figure 2.7: Line 45 for Total Horizontal Irradiance comparison ‐ Total Horizontal
comparison between the model and MFRSR instrument at 332 nm.
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Figure 2.8: Validation of the model at 368 nm ‐ The figure shows validation of the
TUV4.4 model for Direct Normal, Diffuse Horizontal and Total Horizontal irradiances for a
Clean Day at 368 nm.
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Figure 2.9: Line 45 for Direct Normal Irradiance comparison ‐ Direct Normal
comparison between the model and MFRSR instrument at 368 nm.
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Figure 2.10: Line 45 for Diffuse Horizontal Irradiance comparison ‐ Diffuse Horizontal
comparison between the model and MFRSR instrument at 368 nm.
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Figure 2.11: Line 45 for Total Horizontal Irradiance comparison ‐ Total Horizontal
comparison between the model and MFRSR instrument at 368 nm.

3. RETRIEVAL RESULTS AND DISCUSSION
Sensitivity studies of relevant aerosol optical parameters (aerosol single scattering albedo
ωaer, and asymmetry parameter g) reveal clearly that direct‐to‐diffuse irradiance ratios
(DDR) exhibit more sensitivity to changes of τaer compared to the other variables (for
example, as τaer decreases, DDR become increasingly less sensitive to values of ωaer as
shown in figures 3.6, and 3.8). It is known that changes of τaer affect DDR more rapidly than
changes in ωaer, g, or α [Corr, Ch., 2008]. For this reason it was necessary to find accurate
values of τaer for input into the TUV model. Figures 3.2 and 3.4 show the behavior of τaer
with respect to g. Validation of the TUV4.4 model shows us a good agreement between the
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Model and UV‐MFRSR data. Subsequently, the TUV4.4 was used to output direct‐to diffuse
ratios (DDR) at two wavelengths of the UV‐MFRSR, 332 nm and 368 nm.
Retrieval values of ωaer and g for clean and dirty days were successfully obtained,
indicating a slight variation in the DDR irradiance. However, it was not possible to retrieve
these parameters accurately for a windy day. In spite of this, a value of g=0.7 yielded fairly
good results in the model's calculation for this region. Figure 3.13 shows that in the
pollution event of February 05, 2009 the winds were coming from the south, specifically
from Juarez, Mexico. It suggests that in a combination of the TUV model and other models it
may be possible in the near future to further characterize the particulate matter in the El
Paso‐Juarez Airshed area. In the same fashion figure 3.16 shows wind coming from the
north part of Mexico, especially from the Gulf of Mexico.
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Figure 3.1: Sensitivity study: τaer vs ωaer (332nm) – The _gure shows the sensitivity
study of Single Scattering Albedo and Aerosol Optical Depth for 332 nm.
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Figure 3.2: Sensitivity study: τaer vs g (332nm) – The figure shows the sensitivity study
of Aerosol Optical Depth and The Asymmetry Parameter for 332 nm.
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Figure 3.3: Sensitivity study: τaer vs ωaer (368 nm) – The figure shows the sensitivity
study of Single Scattering Albedo and Aerosol Optical Depth for 368 nm.
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Figure 3.4: Sensitivity study: τaer vs g (368 nm) – The figure shows the sensitivity study
of Aerosol Optical Depth and The Asymmetry Parameter for 368 nm.

3.1 Single Scattering Albedo Retrieval Values
The retrieval method used to obtain the single scattering albedo was successful.
Two representative cases are shown: for a clean day, January 28, 2009 and for a dirty day,
February 5, 2009. Retrievals for ωaer were only run for days of mostly cloud‐free
conditions, moderate and high τaer, and SZAs less than 70o. The criteria for selecting these
particular days was based on the concentration of particulate matter using TCEQ, and the
values of diffuse irradiances using UVMRP data to identify a typical clean or dirty day. We
will discuss each day separately according to the results obtained in the table 3.1.
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Table 3.1: Retrieval values of ωaer ‐ Values of ωaer for Clean,
Dirty, and Windy days for each respective values of τaer.
Date (mmddyy)

λ(nm)

ωaer range

τaer range

τaer average

012809 (Clean Day)

332

0.66 ‐ 0.81

0.072 ‐ 0.308

0.097

012809 (Clean Day)

368

0.61 ‐ 0.80

0.069 ‐ 0.311

0.094

020509 (Dirty Day)

332

0.58 ‐ 0.70

0.100 ‐ 0.264

0.150

020509 (Dirty Day)

368

0.54 ‐ 0.67

0.091 ‐ 0.227

0.142

121408 (Windy Day)

332

0.10 ‐ 0.70

0.047 ‐ 0.414

0.114

121408 (Windy Day)

368

0.20 ‐ 0.80

0.031 ‐ 0.420

0.100

3.1.1 Single Scattering Albedo for Clean Day
The DDR irradiance method was run for a clean day (low aerosol concentration or low
diffuse irradiance values). Values of 332 nm and 368 nm were retrieved taking into
consideration criteria explained before. Calculated DDR from TUV were compared with
those from the UV‐MFRSR and calculated errors less than 1% were the keys to obtaining
appropriate values of ωaer. These range values of ωaer (332) and ωaer (368) of 0.66 ‐ 0.81
and 0.61 ‐ 0.80 are shown in table 3.1 and they are related with the corresponding values of
τaer. Figures 3.5 and 3.7 depict typical graphs of these retrievals. Figures 3.6 and 3.8 show
the same graphs with the best‐fit values of ωaer for 332 nm and 368 nm respectively. We
observed the presence of both scattering and absorptive particles in low quantities for this
particular day. Values of ωaer for 332 nm and 368 nm were found by inversion methods in
the range of 0.65‐0.99 [Petters et al., 2003]. Using the same method values of ωaer for 368
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nm in the range of 0.63‐0.95 were found by Wetzel et al., [2003], and 0.88‐0.95 by [Krotkov
et al., 2005b].

Figure 3.5: Retrieval of ωaer for 332 nm, clean day ‐ Retrieval of the accurate value of
ωaer for a Clean Day at 332 nm.
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Figure 3.6: Comparison of DDR for 332 nm – Comparison of DDR values from both TUV
Model and UV‐MFRSR after fitting correct values of ωaer during the day. Values of ωaer vary
in the range from 0.66 ‐ 0.81.
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Figure 3.7: Retrieval of ωaer for 368 nm ‐ Retrieval the correct value of ωaer for a Clean
Day at 368 nm.
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Figure 3.8: Comparison of DDR for 368 nm – Comparison of DDR values from both TUV
Model and UV‐MFRSR after fitting correct values of ωaer during the day. Values of ωaer go
around 0.61‐0.80.

3.1.2 Single Scattering Albedo for a Dirty Day
Using the same methodology, a dirty day, February 05, 2009, was selected to retrieve ωaer.
Values of ωaer (332) and ωaer (368) of 0.58‐0.70 and 0.54‐0.67, and values of τaer for a dirty
day, respectively, indicate the presence of more absorptive particles in the atmosphere (see
3.1). Figures 3.9 and 3.11 show the same method used for a dirty day. An increase in the
concentration of absorptive aerosols is observed in the air medium. Esparza, et al., [2009],
found using Hysplit, the presence of soot coming from the city of Juarez, Mexico, on this
day.
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Figure 3.9: Retrieval of ωaer for 332 nm, dirty day ‐ Retrieval of the approximate value of
ωaer for a dirty day at 332 nm.
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Figure 3.10: Comparison of DDR for 332 nm, dirty day ‐ Comparison of DDR values from
both TUV Model and UVMFRSR after fitting correct values of ωaer during the day. Values of
ωaer range from 0.58 ‐ 0.70.
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Figure 3.11: Retrieval of ωaer for 368 nm, dirty day ‐ Retrieval of the approximate value
of ωaer for a dirty day at 368 nm.
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Figure 3.12: Comparison of DDR for 368 nm, dirty day ‐ Comparison of DDR values from
both TUV Model and UVMFRSR after fitting correct values of ωaer during the day. Values of
ωaer range from 0.54 ‐ 0.67.
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Figure 3.13: Backward trajectory of the wind for dirty day ‐ Hysplit backward
trajectory for February 5, 2009. Note the direction of the wind coming from the
North of Mexico. Values were taken using UTC time format.
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3.1.3 Single Scattering Albedo for Windy Day
A day exhibiting high wind activity, December 14, 2008, was selected to use the DDR
irradiance method to retrieve the ωaer and to study the variability of it during the day. It
was challenging to retrieve an accurate value of ωaer under high wind conditions, due to the
unstable conditions and rapid change of aerosol concentration. However, we reduced the
time interval to the hours where the wind activity was high in conjunction with size
distribution values from the CLiMET instrument to make a comparison between them.
Taking this into account, we found values of ωaer in the range of 0.1 to 0.7 for 332 nm and
0.2 to 0.8 for 368 nm for appropriate values of τaer (see table 3.1). Retrieved values of ωaer
do not represent real values if we consider that wind changes with altitude, pressure and
temperature. CLiMET values only show data from a specific geographic point where the
instrument is installed and its reach is no more than 10 m. Figures 3.14 and 3.15 exhibit
values of ωaer fitted in the model and the comparison between the Model and the UV‐
MFRSR instrument.
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Figure 3.14: Comparison of DDR for 332 nm, windy day ‐ The figure shows the
comparison of DDR values from both TUV Model and UV‐MFRSR after fitting
correct values of ωaer during a windy day. Values of ωaer range from 0.1 ‐ 0.7.
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Figure 3.15: Comparison of DDR for 368 nm, windy day ‐ The figure shows the
comparison of DDR values from both TUV Model and UV‐MFRSR after fitting
correct values of ωaer during a windy day. Values of ωaer range from 0.2 ‐ 0.8.
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Figure 3.16: Backward trajectory of the wind for windy day ‐ Hysplit backward
trajectory for December 14, 2008. Direction of the wind shows the trajectory
coming from the Gulf of Mexico. Values were taken using UTC time format.
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3.2 Asymmetry Parameter Retrieval Values
According to table 3.2, retrieval values of g using the DDR method for clean and dirty days
are in good agreement with values of g for atmospheric aerosols, which range from 0.6 to
0.8, [Madronich, 1993]. In both cases these values of g in combination with those of ωaer
imply the presence of both soot and mineral dust in the region, with low variation of DDR
irradiance for these days. However, retrieved values of g are not accurate. It is necessary to
pursue further studies for different windy days.

Table 3.2: Retrieval Values of g‐
Values of g for Clean, Dirty, and Windy days for each respective values of τaer.
Date (mmddyy)
012809 (Clean Day)
012809 (Clean Day)
020509 (Dirty Day)
020509 (Dirty Day)
121408 (Windy Day)
121408 (Windy Day)

λ(nm)
332
368
332
368
332
368

g range
0.6 ‐0.8
0.7 ‐0.7
0.6 ‐0.8
0.7 ‐0.8
0.0 ‐0.9
0.3 ‐0.9

τaer range
0.072‐0.308
0.069‐0.311
0.100‐0.264
0.091‐0.227
0.047‐0.414
0.031‐0.420

τaer average
0.097
0.094
0.150
0.142
0.114
0.100

3.2.1 Asymmetry Parameter for Clean Day
Even during a clean day, the concentration of aerosols is not negligible. Values of τaer for
332 nm range from 0.072 to 0.308 and values of τaer for 368 nm range from 0.069 to 0.311.
Values of g for 332 nm range from 0.6 to 0.8 (figure 3.17). This range was found for ωaer in
the range of 0.66 to 0.81 (table 3.1), indicating the presence of both scattering and
absorptive aerosols, but in low concentrations. A value of g of 0.7 for 368 nm is found in the
range of τaer of 0.61‐0.80 (figure 3.18). This value is similar to the values found in previous
studies [Wenny et al., 1998 and Madronich, 1993].
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Figure 3.17: Comparison of g for 332 nm, clean day ‐ The figure shows the comparison
of DDR values from both TUV Model and UV‐MFRSR after fitting correct values of g during a
clean day. Values of g ranges from 0.6 ‐ 0.8.
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Figure 3.18: Comparison of g for 368 nm, clean day ‐ The figure shows the comparison
of DDR values from both TUV Model and UV‐MFRSR after fitting correct values of g during a
clean day. The value of g was found to be 0.7.

3.2.2 Asymmetry Parameter for a Dirty Day
We expect high aerosol concentrations for a dirty day, however, values of τaer for 332 nm
were in the range of 0.100 ‐ 0.264 and values of τaer for 368 nm were in the range of 0.091 ‐
0.227. Values of ωaer for 332 nm are in the range of 0.58 ‐ 0.70; meanwhile, g values are in
the range of 0.60 ‐ 0.80 (figure 3.19). The values of ωaer imply a high increase of absorptive
aerosols; however, values of g indicate to us that the proportion of larger particles have not
increased very much. On the other hand, values of ωaer for 368 nm are in the range of 0.54 ‐
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0.67, and of g are in the range of 0.7 ‐ 0.8 (figure 3.20), indicating an increase in the
absorptive aerosols and a slight increase of larger particles (due to forward scattering).

Figure 3.19: Comparison of g for 332 nm, dirty day ‐ The figure shows the comparison
of DDR values from both TUV Model and UV‐MFRSR after fitting correct values of g during a
dirty day. The value of g ranges from 0.6 ‐ 0.8.
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Figure 3.20: Comparison of g for 368 nm, dirty day ‐ The figure shows the comparison
of DDR values from both TUV Model and UV‐MFRSR after fitting correct values of g during a
dirty day. Values of g range from 0.7 ‐ 0.8.

3.2.3 Asymmetry Parameter for Windy Day
Values of τaer for 332 nm that range from 0.047 to 0.414 and τaer for 368 nm from 0.031 to
0.420 were reported for this day. An increase of the concentration of the particles in the air
is noticed for this day. Values of g for a windy day, January 28, 2009, were retrieved taking
into account the impact of the wind on the aerosols. Values of ωaer for 332 nm varied a
great deal from minute to minute, showing values in the range of 0.10 to 0.70 (see table
3.1) and values of g were in the range of 0.0 ‐ 0.9 (table 3.2). This wide range implies a high
variation of the concentration of particles during the day, displaying sometimes a minimum
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concentration of aerosols in one moment and an abundance of them in the immediately
afterwards (figure 3.21). We can find the same behavior with the values of ωaer for 368 nm
(figure 3.22). They are in the range of 0.20 ‐ 0.80 and if we associate these values with the
corresponding values of g (0.3 ‐ 0.9) we conclude that the high variation of these
parameters makes it difficult to retrieve accurate results for a windy day.

Figure 3.21: Comparison of g for 332 nm, windy day ‐ The figure shows the comparison
of DDR values from both TUV Model and UV‐MFRSR after fitting correct values of g during a
windy day. Values of g range from 0.0 ‐ 0.9.
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Figure 3.22: Comparison of g for 368 nm, windy day ‐ The figure shows the comparison
of DDR values from both TUV Model and UV‐MFRSR after fitting correct values of g during a
windy day. Values of g range from 0.3 ‐ 0.9.

3.3 Analysis of the CLiMET CI150t
The concentration of particles was also simultaneously analyzed for the selected days with
the CLiMET CI‐150t. It also shows a dramatic change in the number of particles and it is
related to wind activity during December 14, 2008. Due to the large number of particles
found, it was necessary to take the log of the number of particles and then plot this against
the hour of the day. It is clear that during the windy day the number of particles of
diameter larger than 0.3 μm increased.
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Figure 3.23 shows a common clean day (low concentration of aerosols). A dirty day (figure
3.24), shows an increase in the particles of all sizes. The greatest increase in particles was
in those that range from 0.3μm to 0.5 μm. Finally, a windy day (figure 3.25) exhibits a clear
increase of all the particles, in particular, those in the size range between 1.0 μm to 5.0 μm,
the larger ones.

Figure 3.23: Number of particles during a clean day – The figure shows the low amount
of big particles (5.0 μm in comparison with the others).
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Figure 3.24: Number of particles during a dirty day – The figure shows the increase of
particles 0.3 μm, 0.5 μm, and 1.0 μm.
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Figure 3.25: Number of particles during a windy day ‐ The figure shows an increase of
particles of 5.0 μm in size during a windy day. Notice that the other particles increase their
number due to the wind, probably coming from other regions.

4. SUMMARY AND FUTURE WORK
This work started with the installation of both instruments, the Vis‐MFRSR and UV‐MFRSR
on the UTEP campus. Collaboration with Roger Tree from the University of Colorado at Fort
Collins was essential for the instruments' installation and linkage to the US Network of
MFRSR. Once the radiometers were installed, a Radiative Transfer Model was enhanced
and subsequently successfully implemented and validated to be representative of the El
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Paso‐Juarez Airshed. The model's irradiance results are in close agreement with the UV‐
MFRSR's irradiance data.
Sensitivity studies were performed to determine the impact of numerous physical
parameters on the model's irradiance results. The studies showed a large influence of the
aerosol optical depth parameter within our calculation. The Direct to Diffuse Irradiance
Ratio's methodology was successfully applied to retrieve the ωaer for this region.
Preliminary results show the presence of both small and large size particles in our Airshed,
even under no‐high‐wind conditions, which is symptomatic of an interface region, between
an urban and a desert region, such as the El Paso‐Juarez Airshed. We successfully used the
TUV model as a diagnostic tool to interpret UV‐MFRSR irradiance data. All the studies
performed in this work will have an impact on correct the air quality and consequently, the
quality of life for the El Paso‐Juarez Airshed.

4.1 Suggestions for Future Work
The TUV model can be used for further characterization of aerosols in the El Paso‐Juarez
Airshed. Other existing models [Pearson, et al., 2007] can be used in addition to the TUV
model to characterize aerosols in situ in the El Paso‐Juarez Airshed.
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GLOSSARY

A

Surface Albedo

ASRC

Atmospheric Sciences Research Center

α

Angstrom exponent

λ

Wavelength

Dp

Particle diameter

DDR

Direct To Diffuse Ratio

DH

Diffuse Horizontal Irradiance

DN

Direct Normal Irradiance

DISORT

Discrete Ordinate Method

g

Asymmetry parameter

HYSPLIT

Hybrid Single‐Particle Lagrangian Integrated

δ

Percentual Relative Error

θ

Polar Angle

I

Irradiance

I0

Extraterrestrial Irradiance

kν

Absorption coefficient

jν

Emission coefficient

λ

Wavelength

MFRSR

Multi‐Filter Rotating Shadowband Radiometer

NIST

National Institute of Standards and Technology

NASA

National Aeronautics and Space Administration
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NOAA

National Oceanic and Atmospheric Administration

UVMRP

UV‐B Monitoring and Research Program

NO2

Nitrogen dioxide

CO2

Carbon dioxide

O3

Ozone

Sν

Source function

ωaer

Aerosol Single Scattering Albedo

O

Oxygen

Θ

Scattering Angle

Ψ(Θ)

Intensity of scattered radiation

ρ

Density of the medium

P(Θ)

Phase Function

STP

Standard Temperature = 273.15 K and pressure 1013.25 hPa

SZA

Solar Zenith Angle

τaer

Aerosol Optical Depth

τH2O

Water Vapor Absorption

τO3

Ozone Absorption

τR

Rayleigh Optical Depth

τtotal

Total Optical Depth

TUV

Tropospheric Ultraviolet Radiation Model

UVA

Ultraviolet radiation with 315nm < wavelength < 400nm

UVB

Ultraviolet radiation with 280nm < wavelength < 315nm

UVC

Ultraviolet radiation with 200nm < wavelength < 280nm
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UGLC

Undergraduate Learning Center

USDA

United States Department of Agriculture

UTEP

University of Texas at El Paso

UVMFRSR

Ultraviolet Multifilter Rotating Shadowband Radiometer

VisMFRSR

Visible Multifilter Rotating Shadowband Radiometer

YES

Yankee Environmental Systems

z

Height
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APPENDICES

Appendix A

Useful atmospheric constants
Constant

Symbol

Numerical value

Molar mass of dry air

M

28.97 kg kmol‐1

Density of dry air at STP:

ρ0

1.29 kg m‐3

Specific heat capacity of dry air STP:
at constant pressure

cp

1005 J K‐1 kg‐1

at constant volume

cv

718 J K‐1 kg‐1

Specific gas constant for dry air

R

287 J K‐1 kg‐1

Molar mass of water

Mw

10.02 kg kmol‐1

Density of liquid water at STP

ρw

1000 kg m‐3

Density of ice at STP

ρi

917 kg m‐3

Specific heat capacity of water vapor at 0o C :
at constant pressure

1850 J K kg‐1

at constant volume

1390 J K kg‐1

Specific heat capacity of liquid water at 0o C:

4217 J K kg‐1

Specific heat capacity of ice at 0o C:

2106 J K kg‐1

Specific latent heat of vaporization at 0o C :

Lν

2.50 _106J kg‐1

Specific latent heat of vaporization at 100o C:

L

2.26 _106J kg‐1

Specific latent heat of fusion at 0o C : Lf

0.33 _106J kg‐1
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Appendix B

Generalized coordinates
Sometimes is more useful to work with a curvilinear system of coordinates than with
cartesian coordinates. We can describe a point in space by three parameters which we will
denote q1, q2, and q3, and we can write our old cartesian coordinate system expressed in
terms of those generalized coordinates to any other system coordinates as for example for
the cylindrical case:

General curvilinear coordinates Circular cylindrical coordinates
q1; q2; q3

ρ, φ, z

x = x(q1; q2; q3)

 ∞ < x = ρ cos φ < ∞

y = y(q1; q2; q3)

 ∞ < y = ρ sin φ < ∞

z = z(q1; q2; q3)

∞<z=z<∞

(B.1)

And vice‐versa, we can express our q system in terms of x, y and z with inverse relations:
q1 = q1 (x; y; z)

0 ≤ ρ = (x2 + y2)1/2 < ∞

q2 =q2 (x; y; z)

0 ≤ φ = arctan(y/x) < 2π

q3 = q3 (x; y; z)

-∞ < z = z < ∞

(B.2)

Differentiation of eq. B.1 leads to:

dx =

∂x
∂x
∂x
dq1 +
dq 2 +
dq 3
dq1
dq 2
dq 3

and similarly for y and z.
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(B.2)

We can express the area and volume elements

dσ ij = dsi ds j = hi h j dqi dq j

(B.4)

dτ = ds1 ds 2 ds3 = h1 h2 h3 dq1 dq 2 dq3

(B.5)

and

From equation B.4 an area element may be expanded:

dσˆ = ds 2 ds3 eˆ1 + ds3 ds1 eˆ2 + ds1 ds 2 eˆ3
= h2 h3 dq 2 dq3 eˆ1 + h3 h1 dq3 dq1 eˆ2 + h1 h2 dq1 dq 2 eˆ3

B.1 Cylindrical coordinates

Figure B.1: Cylindrical polar coordinates ‐ Representation
of the Cylindrical polar coordinates
We find for a point (x; y; z), the cylindrical coordinates using the equations
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y
x

ρ 2 = x 2 + y 2 , tan θ = , and z = z

(B.6)

And the rectangular coordinates for a point (r; θ; z) we recall our conversions for polar
coordinates and use
x = ρ cos θ , y = sin θ , and z = z

(B.7)

r
dr = ρˆ dρ + θˆ ρ dθ + zˆ dz

(B.8)

dA = ρ dθ dz

(B.9)

dτ = ρ dρ dθ dz

(B.10)

Line element

Area element

Volume element

B.2 Spherical polar coordinates

Figure B.2: Spherical polar coordinates ‐ Representation of the spherical polar
coordinate
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To convert from rectangular to spherical coordinates, we use the equations:

z
x
r 2 = x 2 + y 2 + z 2 , cosθ = , cosφ =
r
r sinφ

(B.11)

to convert from spherical coordinates to rectangular coordinates, we use:
x = r cos φ sin θ , y = r sin φ sin θ , z = z cos θ

(B.12)

r
dr = rˆ dr + θˆ r dθ + φˆ r sinθ dφ

(B.13)

Line element

Area element (For r = constant)
A = dσ θφ = r 2 sinθ dθ dφ

(B.14)

Integrating over the azimuth φ, we find that the area element becomes a ring of width dθ
(Azimuthal symmetry problems),

dAθ = 2π r 2 sinθ dθ

(B.15)

Element of solid angle.‐ By definition of solid radians or steroradians, an element of solid
angle dΩ is given by

dΩ =

dA
= sinθ dθ dφ
r2

(B.16)

Integrating over the entire spherical surface, we obtain

∫ dΩ = 4π
Volume element from equation B.5 the volume element is:

dτ = r 2 dr sin θ dθ dφ = r 2 dr dΩ

69

(B.17)

CURRICULUM VITAE

Richard Medina Calderon was born in Trujillo, La Libertad, Perú. The fifth son of Bartolo
Medina Avila and Dolores Calderon Aranda, he graduated from The Universidad Nacional
Mayor de San Marcos, Lima, Peru, in the spring of 2000 and joined the Master of Science
Program at the University of Texas at El Paso in the spring of 2007. While pursuing a
bachelor's degree in Physics, he worked with Neutron Transport, developing a software
during his research in Lima, Peru, during the period of 2000 and 2001, and later submitted
his work to the Department of Physics receiving the degree of "Bachelors in Physics" from
The Universidad Nacional Mayor de San Marcos, in 2001. Later on he presented his work at
the International Conference on Nuclear Energy for New Europe 2002, in Kranjska Gora,
Slovenia. In the spring of 2007, he joined Physics Graduate Program at The University of
Texas at El Paso.

Permanent Address: 3500 Sun Bowl Drive, Appt 23 El Paso, TX 79902

70

